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ABSTRACT
Vibrational Sum Frequency Generation (VSFG) and the similar Second Harmonic
Generation (SHG) are both classified as nonlinear optical phenomena, with the hallmark
trait being that the input and output frequencies are different. Both of these systems are
remarkable tools due to their surface specific nature. Still, there is much that is not known
about the response from these systems, especially the nonresonant SFG response. We
have worked to better understand SFG signal, specifically the nonresonant temporal
profile. We have also collected results that call into question some underlying
assumptions about time-based suppression methods when working with single crystal
substrates.
As an extension of this work we have also investigated the limits of SHG as a
possible method for stress testing. Nondestructive testing (NDT) is the assessment of a
component to determine its viability of use without damaging the component itself. Early
results have shown that SHG has the capability to be used as an NDT platform. SHG
sensitivity to surface and interface changes has been shown in mechanical deformation in
aerospace grade aluminum, and in chemical changes in naval grade aluminum. SHG
signals from a metal surface change as the chemical or physical makeup of the surface
changes. Results show that SHG has the potential to be dramatically more sensitive than
current methods and allows us to identify the earliest stages of material response to
mechanical and chemical stress.
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CHAPTER 1
Sum Frequency Generation and Non Linear Optics Overview
INTRODUCTION
Interactions at surfaces and interfaces are where many important phenomena
occur. For example, understanding buried polymer interfaces can be helpful in
understanding adhesion as well as lubrication. 1 Also, understanding how bubbles of gas
interact with complex liquids can help in developing drug delivery systems. 2 Another
example is individual proteins and the way that they interact with the surface of cellular
membranes. 3 Each of these involves complex surface interactions and are being
investigated using sum frequency generation.
Sum frequency generation (SFG) spectroscopy is a powerful analytical technique
because it provides description about molecular and atomic orientations at surfaces. For
example, SFG has recently been used to examine islet amyloid polypeptide interactions
with cellular membranes to discover why they congregate within diabetes patients.4
However, due to complicated response from the sample it can be difficult to accurately
analyze and interpret data. In this section we will only review some parts of SFG theory
and data analysis. A more in depth dialog about SFG can be found in Fundamentals of
Sum-Frequency Spectroscopy.5
SUM FREQUENCY GENERATION
One of the hallmarks of nonlinear optics is the conversion of input frequencies to
a different output frequency. SFG happens when two photons interact with the surface of
a material and cause the emission of a single photon with energy equal to the sum of the
two input photons. Second harmonic generation (SHG) is a specific form of SFG that
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occurs when both input photons have the same energy. SHG can occur with only a single
input beam, while general SFG requires two excitation beams. An SFG response can only
occur when both input laser beams are overlapped spatially and temporally.
While two photons are thought to interact as part of a coherent process that
produces SFG, you can describe the interaction as a sequence of interactions. In the
sequence a photon from one source, usually an infrared (IR) source will excite an
electronic or vibrational transition in a sample. That interaction must still be in effect
when the second photon from the other source, commonly a visible pulse, interacts with
the excited sample.6 Tuning to an IR transition for specific functional groups causes a
significant SFG signal enhancement. This vibrationally resonant SFG, or VSFG, gives
specific physical information about the targeted functional groups.7,8
VSFG is an extremely powerful analytical technique because it provides specific
information about orientations of different functional groups. By attuning one laser
source to the proper frequency, you can select which functional groups are being
investigated. Intensity of the VSFG signal depends on the excitation sources and the
sample material. The response can be mathematically modeled as
𝑰𝑺𝑭𝑮 ∝ 𝑰𝟏 𝑰𝟐 |𝝌 𝟐 |𝟐

(1.1)

Where ISFG is the intensity of the signal, I1 is the intensity of the first excitation source, I2
is the intensity of the second excitation source, and 𝜒 (!) is an expression for the nonlinear
susceptibility of the material. Understanding this nonlinear susceptibility also explains
why VSFG is a surface only technique.
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The term for nonlinear susceptibility is modeled as a third-rank tensor, which can
be written as a set of three matrices shown in equation 1.2.
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(1.2)

The first letter represents the polarization of the signal, and the last two letters represent
the polarization of the excitation beams, visible and IR respectively. In the laboratory
frame if the Z axis is defined as the axis of incidence, normal to the surface, S
polarizations excite along the X and Y axis while P polarization can excite along all the
axes. This tensor must exhibit the same symmetry as the physical sample. For an
isotropic sample, all the elements are equal to zero; thus no VSFG can be produced in the
bulk material. However, considering the surface of an isotropic medium, the elements
𝜒!!" , 𝜒!!" , 𝜒!"! , 𝜒!"! , 𝜒!!! , 𝜒!"" , and 𝜒!"" do not go to zero. Using these definitions and
nomenclature, X and Y denote S polarizations while Z denotes P polarizations. Thus,
from a surface or interface of an isotropic sample only the polarization combinations
(SSP), (SPS), (PPP), and (PSS) will generate VSFG signal.
Vibrational resonant signal is not the only source of SFG signal. At an interface,
two types of processes produce SFG signal. The first process is a nonresonant process,
which is not associated with an electronic or vibrational transition. For most materials the
nonresonant SFG response is weak. However, on some surfaces this response can be
strong. The second process occurs when the input IR beam, 𝜔!" , as mentioned above is
tuned to resonant transitions in the interfacial molecules. Then the resonant enhancement,
𝜒 ! , can be written as
𝝌𝟐 = 𝝌𝟐𝑵𝑹 +
𝒒

𝑨𝒒
𝝎𝑰𝑹 − 𝝎𝒒 − 𝒊𝚪𝒒

(1.3)
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!
In equation 1.3 the nonresonant portion of the SFG response is notated as 𝜒!"
. The

summation represents the resonant response and is over vibrational modes, 𝐴! is the line
amplitude, 𝜔! is the resonant frequency of the mode, and Γ! is the line width. This
equation clearly depicts how proper attunement of the 𝜔!" to the resonant frequency
maximizes signal. It should be noted that the results can be misleading because of these
two factors in play. In fact, the nonresonant signal can entirely mask the resonant
response (Figure 1.1).9 Or based upon the phase of the nonresonant signal both responses

Figure 1.1: The left image is the SFG response from a sample of polystyrene with the
nonresonant component. Right is an image of the same sample with the nonresonant
signal fully suppressed. From reference 11.
can interact and destructively interfere and conceal important spectral features. These
interactions with the nonresonant response, it is difficult to interpret data and incorrect
conclusions can easily be drawn.
Different methods, both physical and computational are employed to suppress the
nonresonant background signal. The only physical technique is time-delay suppression.
This technique uses the accepted model that the nonresonant signal only persists in time
as long as the excitation IR pulse persists. In contrast the resonant signal portion should
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persist due to the excited states being activated in the sample material. By slightly
delaying the investigative visible pulse, you are able to cut out the bulk of nonresonant
response while still interacting with a strong resonant signal (Figure 1.2).10 The temporal

Figure 1.2: The resonant response, depicted as red, persists longer than the
nonresonant response, blue. When the visible pulse is aligned with the infared pulse,
shown as green, all of the nonresonant is included. But with a slightly delayed visible
pulse, shown as pink, most of the resonant signal is still in the pulse duration, while
the nonresonant signal is excluded. From reference 10.
persistence of the nonresonant process has been found to be material dependent unlike
the accepted model indicated. Work done by Dr. Curtis et al. in 2011 discovered that the
nonresonant signal would decay at a different rate depending upon the composition of the
sample (Figure 1.3).11

Figure 1.3: Maximum SFG signal
from gold, a polystyrene thin film
on silica, and a silicon wafer at
different visible delay times. Time
zero was chosen to be the time of
maximum signal from gold. These
three substrates have a different
maximum and decay of the
nonresonant response. From
reference 11.
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Nonresonant suppression techniques depend on the frequency and temporal
profile of the excitation beams.12 Generally time-delay suppression is used with a
spectrally narrow visible and a broadband IR pulse. Figure 1.2 displays an artistic
rendering of the temporal pulse shape, with a sharp leading edge. This sharper pulse
allows for the visible peak to be closer to the IR pulse peak while minimizing overlap and
upconversion of the nonresonant signal. Etalons, two plane parallel surfaces, are used as a
way to shape the pulse in time.
Other computational post processing methods exist, to compensate for the
influences of nonresonant SFG signal on resonant SFG signal. However, those processes
are not utilized in this work and are only mentioned because they rely on precise
modeling of the nonresonant response. Because this work has made strides in further
understanding the particulars of SFG nonresonant signal behavior, it has relevant
influence on these computational methods as well.
CONCLUSION
Specifics about physical orientations of atomic structures can be drawn from SFG
results. In addition, the surface specificity of the method allows for more readily
controlled variables. Both the determination of molecular orientation and surface
specificity of VSFG are driven by investigating the polarization components of the
resulting signal.
Also, both of these aspects of SFG make VSFG an authoritative spectroscopic
technique. Nonresonant components of SFG response, however, can interfere with the
resonant response. Because of the broad array of physical conditions that impact the
nonresonant signal intensity it cannot simply be treated as consistent background noise.
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Understanding the behavior of the nonresonant signal is crucial to fully utilizing the
capabilities of VSFG.

REFERENCES
1. Zhang, C. Applied Spectroscopy 2017, 71(8), 1717–1749.
2. Xie, L.; Shi, C.; Cui, X.; Zeng, H. Langmuir 2017, 33(16), 3911–3925.
3. Weidner, T.; Castner, D. G. Physical Chemistry Chemical Physics 2013, 15(30),
12516.
4. Fu, Li, et al. “In Situ Measurement of Human Islet Amyloid Polypeptide
Misfolding at Lipid/Water Interfaces Probed by Sum Frequency Generation
Spectroscopy.” Biophysical Journal, vol. 100, no. 3, 2011,
doi:10.1016/j.bpj.2010.12.2990.
5. Shen, Y. R.: Cambridge Molecular Science : Fundamentals of Sum-Frequency
Spectroscopy; Cambridge University Press: Cambridge, United Kingdom, 2016.
6. Stiopkin, I. V.; Jayathilake, H. D.; Weeraman, C.; Benderskii, A. V. Temporal
effects on spectroscopic line shapes, resolution, and sensitivity of the broad-band
sum frequency generation. The Journal of Chemical Physics 2010, 132, 234503.
7. Khatib, R.; Backus, E. H. G.; Bonn, M.; Perez-Haro, M.-J.; Gaigeot, M.-P.;
Sulpizi, M. Water orientation and hydrogen-bond structure at the fluorite/water
interface. 2016, 6, 24287.
8. Curtis, A. D.; Calchera, A. R.; Asplund, M. C.; Patterson, J. E. Observation of
sub-surface phenyl rings in polystyrene with vibrationally resonant sumfrequency generation. 2013, 68, 71-81.

8
9. Curtis, A. D.; Reynolds, S. B.; Calchera, A. R.; Patterson, J. E. Understanding the
Role of Nonresonant Sum-Frequency Generation from Polystyrene Thin Films. J.
Phys. Chem. Lett., 2010, 1 (16), 2435–2439
10. Lagutchev, A.; Hambir, S. A.; Dlott, D. D. Nonresonant Background Suppression
in Broadband Vibrational Sum-Frequency Generation Spectroscopy. The Journal
of Physical Chemistry C 2007, 111(37), 13645–13647.
11. Curtis, A. D.; Burt, S. R.; Calchera, A. R.; Patterson, J. E. Limitations in the
Analysis of Vibrational Sum-Frequency Spectra Arising from the Nonresonant
Contribution. The Journal of Physical Chemistry C 2011, 115, 11550-11559.
12. Stiopkin, I. V.; Jayathilake, H. D.; Weeraman, C.; Benderskii, A. V. Temporal
effects on spectroscopic line shapes, resolution, and sensitivity of the broad-band
sum frequency generation. The Journal of Chemical Physics 2010, 132, 234503.

9

CHAPTER 2
Temporal Profiling of Nonresonant SFG Signal Decay
INTRODUCTION
Vibrational SFG is an extremely useful tool in determining information about the
physical orientation of different functional groups. Yet experimental setups not only
produce the desired resonant signal, but also a second competing nonresonant signal.
Nonresonant response can often significantly alter the collected SFG spectrum.1
Alterations from this second signal are experimentally removed via the nonresonant
suppression or post process computations discussed in the above chapter. Time-delay
suppression depends upon assumptions about the instantaneous and predictable decay of
the nonresonant signal with the removal of either excitation source.2 This section will
discuss work and existing literature that proves these traditional expectations wrong.
Merely disregarding the nonresonant signal as inconsequential can lead to
improper analysis and incorrect conclusions. Due to the complex nature of nonresonant
response and the specific response surrounding each SFG system used for academic or
industrial purposes, individual analysis must take place to properly handle the
nonresonant signal. This is the motivation behind our work: to further understand the
nonresonant and resonant SFG signal. Nonresonant signal may contain added valuable
information, making SFG investigations even more powerful.
LITERATURE
As mentioned in the previous chapter, work led by Dr. Alexander Curtis
discovered that difference in substrate material lead to a change in the SFG nonresonant
response as shown in Figure 1.3.3 After this discovery we started questioning the
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assumption that the nonresonant response is “instantaneous” and independent of surface
material or the interface being investigated.4 Further research done in the Patterson
Laboratory at Brigham Young University by Dr. Shawn Averett found that the
nonresonant SFG signal from the surface of both an uncoated and polystyrene coated
silicon(111) wafer switched between S and P polarization.5 The change responded to the
angle the sample was rotated around an axis normal to the sample’s incident surface. By
simply changing the surface angle an effect was observed on the spectroscopic selection
rules, manifesting as changes in the polarization and phase of the SFG response (Figure
2.1). Dr. Averett showed that a major contribution for the periodicity of the response is

Figure 2.1: Data displaying the percentage of S and P polarization in the nonresonant
response from Si(111). Clearly as the sample rotates relative to the plane of incidence
the components of the two polarizations oscillate. From reference 5.
the single-crystal nature of Silicon (111) allows for very different polarization
characteristics when compared to the polycrystalline gold (Au) and other metal samples.
Silicon (Si) crystals serve as common substrate materials for SFG projects. Si
wafers are easy to work with and inexpensive. Because of silicon’s crystalline nature,
different cuts of Si will have different atomic facings. Si(111) cuts will have atoms in
three perpendicular planes for each unit crystal (Figure 2.2), while Si(100) will have a
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Figure 2.2: Representation of the Si(111) surface. Open circles are the top atomic layer.
Black circles represent the second atomic layer and the third is directly beneath the
second. Gray circles represent the fourth atomic layer. From reference 5.
single plane for the unit crystal (Figure 2.3). This layered effect of the Si(111) is

Figure 2.3: Representation of the Si(100) surface. From the perspective normal to
the surface there is only the one layer of atoms.
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postulated as the reason the period of ocillation between S and P polarizations, found
by Dr. Averett, is 60° (Figure 2.4).

Figure 2.4: P polarization response from both polystyrene coated and uncoated Si(111)
samples clearly showing the 60° periodicity. From reference 5.
Both the project led by Dr. Curtis and the one led by Dr. Averett left questions
about the effects of different angles on the decay of the nonresonant signal due to timedelay suppression. Essentially, by combining the two project ideas we decided to choose
a single-crystal substrate and examine the effects on the nonresonant response by both
changing the angle and varying the time-delay. We chose Si(111) as our primary
substrate because of its use as a simple substrate for thin films and its atomic structure
would serve as our single-crystal sample and Au would serve as our polycrystalline
sample.
METHODS
As discussed previously SFG utilizes two incidence beams. 700 nm light from an
Integra Ti:Sapphire laser is split and 70% used to pump a broadband infrared optical
parametric amplifier (OPA), a TOPAS-C, which converts it to 3100 nm light. The IR
light is P-polarized and the visible light is S-polarized. The time delays between the
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visible and infrared sources are set to maximize the total SFG signal; this creates our time
0 reference. Both beams converge at the sample surface and generate SFG response. The
samples are mounted in a rotational stage that allows for full rotation of the sample in the
sample plane. A CCD captures the signal and allows for onboard integration of the
response over 45 seconds (Figure 2.5). A progressive time delay between the two pulses

Figure 2.5: Schematic of our SFG system and major design points. 1- beam splitter, 2OPA, 3- etalons, 4- neutral density filter, 5- half waveplate, 6- computer controlled
stage, 7- lenses to focus the visible and IR pulses onto the sample, 8-collimator, 9- half
waveplate, 10- an optional polarizing cube to filter the signal.
gradually suppresses the nonresonant portion of the signal. By collecting each step, the
decay of the nonresonant signal is mapped for each angle setting. Each spectrum that is
collected is integrated giving it a total value. Early on we tried to use maximum
intensities of the signal, which correlated strongly with the integrated value. We decided
that integration was more representative of the total signal strength. It should be noted
that this differs from the other studies mentioned because they based their conclusions off
values of peak signal strength.
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RESULTS
From Dr. Averett’s research we knew that the maximum intensities for each S and
P polarizations occurred 60° from each other. We identified, from our reference 0°,
angles 0°, 60°, 120°, and 180° as giving maximum S polarization response. Angles 30°,
90°, and 150° responded with nearly pure P polarized signal. As we suspected, the decay
of the nonresonant signal differed based upon the angle that our sample was placed
(Figure 2.6). Noticeably there is a gap between the two forms. This gap displays the

Figure 2.6: The red (square-dotted) outlines the normalized decay of the P
polarization at 30°. The blue (dotted) line shows the normalized decay of
the S polarization at 120°.
difference in NR response from Si 111 depending upon the sample orientation. We also
noticed a consistent temporal profile for the same maximized polarizations even at
different angles (Figure 2.7). After being normalized in reffrence to their maximum point
the different profiles overlay almost perfectly for the P polarization. The S polarization
was less consistant, but looking at the average shape of the two polarizations we noticed
the significant difference in the overall profile shape (Figure 2.8). The P polarization
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Strength of NR signal A.U.

Figure 2.7: The red (square-dotted) outlines the normalized decay of
the P polarization at 30°. The blue (dotted) line shows the normalized
decay of the P polarization at 90°.

-4

-2

0

2

4

6

4

6

Strength of NR signal A.U.

Time (ps)

-4

-2

0
2
Time (ps)

Figure 2.8: The top graph is an
average of different S polarized
temporal profiles at different
angles. The bottom graph is an
average of different P polarized
temporal profiles at different
angles.

16
temporal profile had a sharp rise and fall with a very defined peak, while the S
polarization profile always had a more gradual and rounded shape. Further data can be
found in Appendix 1.
We are also interested in examining other single-crystal samples, but with
different atomic configurations. Using a Si(100) sample we saw a consistant decay
regardless of the angle. We suspect that differences in time domain response, depending
upon the polarization being maximized, like those from Si(111) would not be seen on a
polycrystaline material. Furthur experiments are now taking place to examine the
polycrystaline decay response.
CONCLUSIONS
Accounting for the different polarization components of a SFG signal is very
important. Some post-process methods for spectra collected with heterodyne or phase
sensitive detection or using time-domain SFG rely on knowing the components of S and
P polarizations.6-8 Differences in the shape of nonresonant decay, such as those reported
by my research, could cause problems in the analysis of such data. Without accounting
for the variations that arrise from substrate orientation about the axis normal to the
incident surface, misleading results may arrise from differing polarization components
from the expected value.
Results from this study are more evidence that the nonresonant signal is
distinctive and with further understanding could be as useful in analyzing surfaces as the
resonant response. Also it shows that attention must be given when using SFG to evaluate
the surface of a crystalline material. We would suggest, that other researchers make sure
to define a zero angle for each sample and record the angle relative to the plane of
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incidence that data was collected from. Further research must be conducted before a
reliable model may be created. However, it is obvious the atomic structures of the
different surfaces from a crystal can have dramatic effects on the polarization of the
signal, which metal and other polycrystalline surfaces would not indicate. Failure to
account for the complexities of nonresonant SFG temporal response may lead to incorrect
conclusions when SFG system users assume that their data is free from nonresonant
contributions.
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CHAPTER 3
Non-Destructive Testing for Mechanical Stress
INTRODUCTION
Over the past 10-20 years, in an attempt to avoid major structural failure,
scientists have developed new methods for testing the strain and mechanical failure of
large metal structures such as planes, ships, and buildings. Traditional testing methods
are destructive in nature. A manufactured metal sample must be destroyed to determine
strength and tolerances before the materials from that lot are sent out for use. These
destructive tests do not assess the condition of the specific materials being used in the
field. Tolerance ratings rely on conservative averages and are representative of the
manufactured lot and not individual part strength. This limitation drives the growth in
nondestructive testing (NDT) methods.
NDT methods assess material condition without compromising the integrity of the
structure. Current NDT methods can detect micro fractures and cracks before they reach a
critical size and failure occurs. While advantageous, present NDT methods are often
expensive, require expert operators, and are prone to human error. Furthermore, most
modern NDT methods rely upon the formation of cracks or micro fractures for the
detection to work, but not all stresses result in these outcomes.
Mechanical stress in which a significant load is applied to metals can result in
deformation even before forming detectable cracks. Deformation can occur gradually and
unnoticed by visual inspection. Elastic deformation, when a material has a temporary
change in shape that reverses when the load is removed, is the first type of deformation
that occurs under stress. After the yield point has been reached, plastic deformation
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occurs, resulting in a permanent change in shape. Once a material has been plastically
deformed, it is weakened and can lead to failure (Figure 3.1).1 The mechanism by which

Figure 3.1: A load extension curve gathered from an aluminum sample.
Correlation between the length of extension and the elastic and plastic regions
aredeformation
shown.
plastic
occurs does not always result in the formation of cracks. This drives
the interest in a NDT method that could potentially detect the precursor to the formation
of cracks and failure.
We have found that using SHG as an optical NDT technique could eliminate
human error, the need for highly trained operators, as well as earlier detection. SHG has
shown results that suggest the possibility of detecting damage without the presence of
micro fractures or cracks. Also, in the future, an SHG system could become a simple and
portable method to predict failure in mechanical components.
AEROSPACE GRADE (2024) ALUMINUM
Aerospace grade aluminum, most commonly 2024 alloy, undergoes many stresses
during service. The Federal Aviation Administration (FAA) sets damage tolerances and
performance regulations dictating when parts need to be replaced or entire planes need to
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be retired.2 These standards primarily result from engineering tolerances, which have
been previously determined by destructive testing. Although the FAA regulations have
been put in place to avoid mishaps, these methods do not necessarily benefit maintenance
costs. As a supplement to FAA regulations, current NDT methods are used to assess wear
and damage. Unfortunately, current NDT cannot fully assess all types of damage that
could influence performance because significant damage can occur without the formation
of cracks and micro fractures.
METHOD
SHG, a subset of SFG, is a nonlinear optical technique, which investigates the
surface of materials. At a sample surface, input light converts to produce a SHG response
at twice the frequency, or half the wavelength (Figure 3.2). The efficiency of the SHG

Figure 3.2: The frequency of the SHG signal is twice that of the input source.
Residual input light is still reflected and continues along the same path as the second
harmonic signal.
signal conversion is sensitive to the characteristics of the surface being irradiated. The
sensitivity of SHG can therefore reflect the mechanical and/or chemical history of a
sample. Collection of a baseline SHG response allows for any subsequent significant
changes to be detected, meaning that SHG shows promise as a method for NDT.
In this work, we used 38.1mm × 12.7 mm 2024 aluminum specimens with a waist
of 6.35mm (ASTM B209), with a thickness of 1 mm. Each sample is cut from extruded
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aluminum sheeting. Samples are cut into dog-bone shapes and separated based upon the
orientation of extruded grains in relation to pull direction (Figure 3.3). Some grains run

Figure 3.3: A profile image of the
shape of the 2024 samples used.
The red double-headed arrow
indicates pull direction.
parallel to the direction of pull while the second style runs perpendicular. It was found
that direction of grain extrusion in relation to pull direction was not significant in the
final analysis. To ensure the stress is localized to the necked region, each sample was cut
in a dog-bone shape.
Our SHG testing technique uses a 532 nm frequency doubled Nd:YAG laser. We
then focus this input light on the sample to generate 266 nm SHG signal at the surface
(Figure 3.4). Because residual green light that reaches the detector is undesirable and

Figure 3.4: A simple graphic description of our SHG
system.
masks the SHG signal, we address this by reflecting the green light off two dichroic
mirrors and through four optical filters before reaching the photo multiplier tube (PMT).
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Although the detector still registers some green light background, corrections are made
through the method of data collection and analysis.
Each sample was scanned in order to measure the SHG response before applying
an extension. After a baseline response is obtained, elastic or plastic deformation was
induced by loading the specimen at a constant rate of 0.5mm/min, in a tensile loading
apparatus (3345 Instron), and an amplitude of varying extensions (0.0 mm- 1.6 mm).
During data collection, both green and SHG light are recorded as the overall
signal trace. Subsequent traces of only green light are then recorded, by placing a glass
slide in the beam line to absorb SHG and transmit green. During data analysis, these two
sets of traces are integrated, averaged and subtracted from one another (Figure 3.5). The

Figure 3.5: The blue peak shows the signal strength with green light
pollution as well as the ultraviolet SHG signal. The green peak displays
the signal from the same sample, but with a filter in place to block the
SHG signal leaving only the green light pollutant. We take the
difference between these two integrals to determine our SHG signal.
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resulting integrated value is then reported as the amount of SHG signal actually
produced.
RESULTS & DISCUSSION
Our results showed a correlation between the amount of plastic deformation and
SHG response (Figure 3.6). Results showed a decrease in signal with increasing
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Figure 3.6: The first two points are found in the elastic region of deformation while the
last three points are found in the plastic deformation region. Not only is significant
difference detected by plastic deformation, but also a significant SHG difference in the
elastic region.
extension. This suggests that SHG can be used to detect plastic deformation because SHG
signal decreases with further extensions and deformation. We investigated the effect of
the grain orientation with respect to applied tension. Simply by changing the grain
direction of our samples, we collected the following data, which suggested, as previously
mentioned, the direction did not matter with respect to our technique (Figure 3.7).
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Figure 3.7: Top graph shows the response with the extruded grain orientation
perpendicular to tension. Bottom graph displays the response with grain orientation
parallel to tension direction.
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This work demonstrated the possibility of SHG characterization of plastic
deformation. One proposed cause for this change may correlate to an increase in the
dislocation density on the surface of a material, allowing for change to be detected. As
load is applied, dislocations can move along slip planes toward the surface of the
material.3 As more bonds are broken, and the dislocations accumulate at the surface,
extrusions and intrusions are formed at the interface (Figure 3.8). The results that we are

Figure 3.8: A depiction of dislocation movement along a slip plane to the surface.
Dislocation build up causes micro fracture development and eventual structural failure.
From reference 2.
expecting would be that as dislocation density at the surface of our sample increases our
SHG signal decreases. Following the trend of our curve we would expect the dislocation
density to decrease.
COMPARISON TO EBSD
Electron backscatter diffraction (EBSD), a variation of electron microscopy, was
used to investigate the connection to dislocation density changes and SHG signal. A
phosphore screen and a motorized camera capture the image of electrons as they are
scattered off a tilted sample. The resulting image is digitized and processed to recognize
individual grains and microcrystals.7

27
Through collaboration with the Fullwood lab in the Mechanical Engineering
department at Brigham Young University, we collected before and after scans looking at
the surface of the samples that we pulled and strained (Figure 3.9-3.10). These scans
correlate to the same data points shown in Figure 3.6 and further data can be found in
Appendix 2. Samples were prepared by being professionally polished, following standard
preparation techniques for EBSD, with a final grit of 0.02 micron colloidal silica using a
vibratory polisher.
Geometrically Necessary
Kernal Average Misorientation (KAM) Dislocation (GND) Content

Figure 3.9: A 0.0 mm extension pull with the top images before and the
bottom images after mechanical stress. Notice the distinct lack of change. The
change shown in the GND image may be a product of scaling because the
intensity is still a similar gradient.
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Geometrically Necessary
Kernal Average Misorientation (KAM) Dislocation (GND) Content

Figure 3.10: A 1.6 mm extension with the top images before stress and the
bottom images after stress a significant difference in dislocation content is
seen between the two images.
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A comparison between the 0.0 mm extension and the 0.4 mm extension did not
reveal a noticeable difference in EBSD imaging (Appendix 2). However, there is a
significant change between the 0.0 and 0.4 mm extensions when examined by SHG. This
is a promising sign that SHG may be more sensitive to stress and possibly dislocation
density than EBSD.
CONCLUSIONS
Recently the development and implementation of NDT has greatly increased,
however the actual sensitivity of current NDT methods is still lacking. The SHG method
could supplement current NDT in varying applications. This work has shown SHG to be
a promising technique in the characterization of mechanical stress on 2024 aluminum. It
seems to have a greater sensitivity to mechanical deformation than EBSD. Further work
will need to take place to confirm the relation between dislocation density and SHG
response. An SHG system shows a negative SHG response correlates to an increase in
mechanical stress applied to aluminum samples without the disadvantages of current
NDT. With further study and refinement, SHG could prove to be an innovative addition
to existing NDT.
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CHAPTER 4
Detection of Beta Phase Aluminum
INTRODUCTION
Navies worldwide use aluminum to construct ships because aluminum is an ideal
metal for fast lightweight ships.1 Low density of aluminum, combined with high strength,
toughness, and corrosion resistance allow for up to 20% weight savings compared to steel
or composite designs.2 Solution hardening increases the strength and flexibility of
aluminum. But during the heat treatment and aging of magnesium doped aluminum, some
Mg2+ ions will migrate and congregate on the interfaces between two grains or crystallites
in the polycrystalline material, called grain boundaries, forming an intermetallic
compound Mg2Al3.3 This new composition referred to as beta phase aluminum, acquires
distinct physical properties, which become susceptible to corrosion unlike the native
alloy.
Beta phase is susceptible to deterioration in acidic and highly electrolyte-rich
environments, such as seawater. Sensitized, or beta phase rich, aluminum looses strength
and under stress degrades, producing large cracks. Because magnesium doped aluminum
is classified as naval grade aluminum, the structural liability from beta phase formation is
especially troublesome. Sometimes entire sections of aluminum plating break loose.4
Stress corrosion cracking (SCC) caused by sensitization is seen on U. S. Navy guided
missile cruisers (Figure 4.1). 5 With a planned investment of $37.4 billion in building
new style aluminum ships, the need for overcoming this degradation is dire.6 Especially
because exposure to heat precipitates beta phase formation at temperatures of
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50–200 °C.7 These temperatures can easily be reached during normal functions of marine
machinery.

Figure 4.1: Material degradation due to sensitization has been
observed in the U.S. Navy fleet in the form of SCC problems.
From reference 3.
Understanding the mechanisms behind the formation of beta phase was important
research during the 1900’s. In the early 2010’s the discovery of the annealing method that
reversed the effects of sensitization opened the possibility for prolonging the usefulness
of parts.8 Now research into detection methods is urgently needed. Development of a
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detection process along with sensitization reversal technique could streamline
maintenance of expensive equipment such as guided missile cruisers.
A method for reversing the sensitization of an aluminum plate can only be utilized
once areas of extreme sensitization are located. The standard method for beta-phase
detection is measuring mass loss after a nitric acid bath. However, this method is both
time consuming and destroys the sample. 9 Although additional experimental processes
have been proposed, none with a less destructive end have been accepted as a standard
process; therefore, we will compare the strengths and weaknesses of three proposed
methods with the use of second harmonic generation (SHG).
Investigation of the sensitization process and corrosion performance has been
conducted from the 1940s to present. This early research primarily studied the electro
potential conditions required for corrosion.10 However, our current investigation has
added to the methods used to detect beta phase. To clearly understand the importance of
this research, I will present further background about beta phase formation. In addition, I
will discuss in some detail the process, developed by Chen and Lai8 in 2014, to remove
the beta phase in aluminum alloys. The process uses a short exposure to a second heat
treatment at 240–280 °C. This allows for the Mg2Al3 compounds to migrate and stabilize
back into the bulk material, disrupting the continuous networks. After this treatment the
previously sensitized material showed corrosion resistance similar to unsensitized plates.
Because this process was immediately adopted by the U. S. Navy for treatment of areas
with signs of extreme sensitization, in-service plates can be refurbished by stabilizing
heat treatment rather than replacement, reducing maintenance costs and improving the
lifespan of expensive equipment.
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FORMATION OF BETA PHASE
While the formation of beta phase is most pronounced on the grain boundaries,
beta phase also occurs in the bulk material. This process is not regarded as a problem
because this beta phase is not part of the continuous grain boundary network. Speed and
location of beta phase formation is dependent upon multiple variables. These variables
include Mg concentration, temperature of annealing, other particles present in the
material, and concentration of faults in the crystalline structure.
Mg Concentration and Nucleation Sites
Concentrations of Mg in 5XXX series aluminum alloys range from 0.2-6.2% wt.
(Table 4.1).12 When this alloying element is in solid solution it increases the overall
strength. But when the concentration is above 3% wt. beta phase can form.13 A
supersaturated solid solution concentration is required for the Mg ions to have enough
thermodynamic driving force to overcome the interfacial energy. Goswami et al.7
estimated the chemical free energy to be 30 J/mol for beta phase formation for a sample
3.5% wt. Mg at 175 °C. This low driving force, compared to other phase transformations,
was observed with transmission electron microscopy (TEM) displaying how beta phase
always forms on grain boundaries and pre-existing particles (Figure 4.2). This consistent
formation pattern indicates that both grain boundaries and irregular particles are good
heterogeneous nucleation sites.
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Table 4.1: An example of different 5XXX series alloy samples. Data
from reference 12.
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Figure 4.2: Grain boundaries are easy conduits for the Mg diffusion
to follow. Red circles represent Mg.

TEM was key to the analysis of the formation of beta phase in this study led by
Goswami. This form of microscopy uses electrons instead of light to probe a sample.14
First, the sample is prepped by being made ultra thin to allow for the beam to pass
through. As the electrons transmit through the sample, they will interact with the electron
clouds surrounding the molecules and then form an image as they are detected with a
digital fluorescence detector. A computer processes the output from the detector and a
detailed image is produced. The smaller wavelength of the electrons allows for close
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examination of minute details, which indicate the existence of grain boundaries and beta
phase depositions.
Predictive Model
Using the Zener-Hillert diffusion model, the thickness of the beta phase
precipitation on planar interfaces can be predicted. The growth (S) can be considered half
the thickness of the beta phase from both sides of the grain boundary, and can be written
as:

(4.1)
D = D0 exp(-Q/RT)

(4.2)

where X0 represents the initial Mg concentration in the matrix of the as received sample.
And Xe signifies the equilibrium Mg concentration in the matrix of the heat-treated
sample. Xp stands for the Mg concentration in the beta phase. The diffusion time is
represented as t. And a symbol for the diffusion rate based upon the substance is D. D0
denotes a temperature independent diffusion constant of approximately 1.49 × 10-5 m2s-1
for Mg diffusion. However, this predictive model has proven to be inaccurate when high
concentrations of dislocations are present in the sample. These irregularities also serve as
nucleation sites for beta phase, allowing for faster overall beta phase growth.
Temperature Requirements
Temperature of the heat treatment is obviously very important in the process of
beta phase formation. Table 4.2 experiments 5–7 and 13–15 display the variation that can
happen within a 20 °C range while sensitized for the same amount of time on the same
alloy type. The increase in temperature allows for greater degrees of movement from the
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Mg as it moves from the bulk material to nucleation sites. The minimal temperature of 50
°C is required to allow the material to pass through the appropriate phase shifts to the
stable beta phase. Material near the grain boundaries will pass through two unfavored
phases: beta phase’ and beta phase’’ which are compounds of α+β. Temperature
conditions must be high enough to continue through both of these intermediary phases
(Figure 4.3).

Figure 4.3: Phase diagram with the beta phase in question shaded as well as the
major temperatures and concentration of Mg notated. From reference 9.
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Table 4.2: Results from nitric acid mass loss test (NAMLT) with
varying temperatures and duration of sensitization. From reference
21.
REVERSAL
Method of Reversal
Developing a method to reverse the sensitization of aluminum creates a sustainable
maintenance system that avoids waiting for disaster to strike. Also, the simplicity of the
reversal process makes it all the more attractive (Figure 4.4). After testing temperature
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ranges from 25–425 °C for varying lengths of time the current thermal treatment for 30
minutes at 250 °C was decided upon. Temperatures 250 °C and 175 °C were observed to
be the limiting temperatures for stabilization and critical sensitizing respectively. On
experimental samples the nitric mass loss amount was reduced by 92%. This easily
lowered the level of sensitization from extremely sensitized to no sensitization levels.9

Figure 4.4: Visualization of the application of the annealing unsensitization
process. From reference 21.
Along with reducing sensitization, treating the metallic sample with more heat
runs the risk of softening the sample. An HVS-1000 Digital Micro Vickers Hardness
Tester was used to add a load of 150 g for 15 seconds to measure the hardness of each
sample after the various heat treatments. As the temperature increased, the sample held
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its hardness at almost every level until above 200 °C (Figure 4.5). This indicates that any
temperature much above 200 °C would weaken the sample too significantly to be helpful.

Figure 4.5: Data from microhardness tests on 5456-H116 aluminum alloy samples that
were treated at different temperatures for different lengths of time. Treatment at 200 °C
is the point before the slope decreased dramatically. From reference 9.
Effects on Sample
Measuring the indentation left on a sample by a diamond tipped pressure arm is
the basic principle for microhardness testing. By shaping the diamond tip into a shallow
pyramid and using a predetermined load, we can calculate the hardness. The geometric
features of the indentation are expressed as Pascales.19 Results from this hardness testing
were used to validate to structural quality of samples. As seen in Figure 7 there was

42
nominal change in the hardness of samples when treated for less than thirty minutes up to
150 °C.
Chen and Lai used a scanning electron microscope (SEM) to analyze the
microstructure of the samples.9 SEM analyzes the surface of a sample with a beam of
electrons rather than a beam of light. The primary electrons in the beam will induce the
ejection of secondary electrons from the sample. Secondary electrons will scatter and be
measured with a detector capturing the sample’s topographical information. An image
results after a computer renders the angles of the secondary electron scatter. One of the
advantages of SEM over other forms of electron microscopy such as TEM is the
perspective of depth that SEM gives. Because TEM images are only taken from ultra thin
samples, the images are very two dimensional in their appearance and are not able to
convey full information about a sample.
Hydrofluoric acid was applied as an exfoliant to the sample’s surface to ensure
the visibility of the continuous grain boundary network upon the surface of the aluminum
sample. As displayed in Figure 4.6 the exfoliant allows hidden grain boundaries to be

Figure 4.6: The effect of the hydrofluoric acid exfoliate is displayed in the right image
and the left image shows a sample without the exfoliator applied. From reference 9.
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observed. By using the same method to compare treated samples the difference between
an as received sensitized sample and one that was annealed for 30 minutes showed the
formation of a discontinuous or semi-continuous network (Figure 4.7). Many of the

Figure 4.7: Right image displays the effect of 30 minutes of annealing at 250 °C
compare this to the obvious build up of beta phase in the left image. From reference 9.
specifics behind the atomic mechanism of this reversal process are still not understood;
still the reversal method has proven very effective at curbing the negative effects of
aluminum sensitization.
DETECTION
Invasive methods similar to the nitric acid mass loss method are useful for
accurately and reliably detecting levels of beta phase content, but as a method for wide
use they suffer from many weaknesses. The most apparent weakness of highly invasive
techniques is that they require destroying samples.
Nitric Acid Mass Loss Test
The American Society for Testing and Materials (ASTM) established a standard
method for detecting and quantifying beta phase content in an aluminum sample. Bathing
a sample in nitric acid and measuring the mass lost is currently the ASTM standard
method. A sample is cut to a specific size, subjected to multiple pre-baths, and weighed

44
before and after the bath. The bath is at 30 °C and lasts 24 hours. The mass lost is the
accepted amount of beta phase in the network of grain boundaries. Using this standard,
mass lost between 0 and 15 mg/cm2 indicates no sensitization, between 15 and 25 mg/cm2
is classified as moderate sensitization, while 25 and above mg/cm2 is extreme or full
sensitization.12 Nitric acid bath method lacks speed, field practicality, and destroys the
sample being examined.
OTHER PROPOSED METHODS
Study of the beta phase formation has evolved as methods to more reliably detect
the intermetallic compound have been developed. This is an evolving area of
metallurgical research with the goal to develop a mobile system that would not depend
upon human interpretation of the results. Also the less invasive the system, the more it
could be applied to functioning parts and systems.
Rayleigh Wave
A recent Small Business Innovation Research grant was awarded to Mound Laser
and Photonics Center Inc. for research into using ultrasonic Rayleigh wave sensors to
measure sensitization. 15 The research is ongoing and has not yet published, but the
concept has been recorded and provisional patents have been granted. Sensors would
emit a fundamental frequency and the scattering of the waves would change due to the
changing crystal pattern.16 These changes would correlate to the concentration of beta
phase. This method would have to be standardized with the ASTM nitric bath results. The
concern for this process is ensuring that the sensors would be sensitive enough to detect
changes in the bulk material as beta phase formed.
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Electron Microscopy
A method that has already been used to analyze the beta phase content is to use
TEM examination of the grain boundaries.7, 9 Beta phase will have different features and
can be examined visually. Visual inspection relies upon the skills of a professional to
collect the data, which introduces more human error into the process than the other
methods. This process requires extensive sample preparation and the final sample must
be under vacuum conditions before the scan. Also electron microscopes are large
machines and taking one onto a construction work site would not be feasible.
Surface Current Probe
A final proposed method for detection is a degree of sensitization (DoS) probe. 17–
18

The probe measures current due to localized chemical reaction with nitric acid. This

approach makes the ASTM method more applicable and less destructive. Currently this
method is being field tested by the repair and maintenance center (RMC). Thus far the
probe has not been calibrated and put into active use, but it may be the closest applicable
detection method that would allow for a nondestructive way to locate beta phase.
SECOND HARMONIC GENERATION
Method
Our current research is to investigate the use of second harmonic generation laser
systems to detect aluminum sensitization. The process begins with an excitation beam,
which would elicit a second harmonic signal from the surface of the material. When the
concentration of beta phase in the sample changes, the response also changes. While not
yet definitive, this new detection method also will need to prove that it has the sensitivity
to accurately measure the changes in beta phase content.
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Similar to the method used to detect mechanical stress described in the above
chapter, the schematic for the SHG system is shown in Figure 3.8. Differences between
the methods for beta phase detection and mechanical stress deal mostly with the sample
preparation as well as the power and alignment optimizations. The Office of Naval
Research has provided initial samples that we have worked with. Since receiving those
initial samples, we have developed an in-house method for sensitizing samples.
Results
Initial results were promising that a simple correlation could be made (Figure
4.8). But erratic equipment brought work on the project to a halt. Since the initial results,

Figure 4.8: Preliminary study of SHG response to beta phase sensitization (here
notated as the number of days treated).
minimal time has been taken to optimize our SHG system to collect beta phase data and
our current results are not as coherent (Figure 4.9).
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Figure 4.9: Current results from an analysis of data from beta phase sensitized
aluminum. The large error bars may also be from sample to sample-surface
variations.
Discussion
We hope that developing an in-house method for sensitizing samples will allow
for less variation in samples. Because we received our samples from another lab, we had
questions that weren’t answered. For example, the correlation between the number of
days heat-treated and the content of beta phase was never given to us. It is possible that
the linear trend that we see in the preliminary study is an artifact of our x-axis units. Also
current work to optimize the system should allow for more accurate data. With original
results as encouraging we feel there is more work that can be done to correlate SHG
response and beta phase content.
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CONCLUSIONS
In the last decades aluminum use has opened up new dimensions in construction
and technology. In fact, this metal known for its durability and ability to resist even some
of the most corrosive environments is used everywhere. Due to its many unusual
combinations of properties, countless objects that simplify as well as increase the quality
of our daily life are partly made of aluminum: CDs, cars, refrigerators, kitchenware,
electric power lines, packaging for food and medicine, computers, furniture, aircrafts and
ships.
Aluminum Beta phase and the formation of other intermetallic alloys are a key
concern as more and more demands are added to the machines and structures that
dominate our modern society. Beta phase is the perfect example of an intermetallic alloy
that required multiple technological developments to understand. Only with current
technology are we beginning to understand the patterns of complex metallic crystals.
Research has just begun to predict the effects of intermetallic deposition on grain
boundaries. Discovering the procedure that reverses the effects of beta phase sensitization
has greatly improved our understanding of beta phase. Now with the development of new
methods to detect sensitization the method of reversal can be used to its full advantage.
Detection and quantification of intermetallic intermediates and other changes to
the bulk is an ideal use for SHG. The ability for SHG to probe in a nondestructive manner
as well as the reliability of the system makes SHG an ideal NDT method. More research
and refinement would need to take place to make a working field ready system, but the
fundamental proof of concept has shown promise within the controlled lab environment.
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CHAPTER 5
Summary
SUMMARY OF RESULTS
The combination of time delay and varying the angel of the sample surface has
yielded important insights into the SFG nonresonant response. These results indicate that
researchers trying to account for the nonresonant signal in SFG data must consider the
physical factors that can change the nonresonant signal. It is insufficient to ignore or treat
the nonresonant portion of SFG signal as constant from sample to sample. Even
variations in the sample orientation can lead to changes in the SFG response.
Second harmonic generation has been successfully shown to be a possible NDT
method to detect mechanical strain. The extent and sensitivity of the method are still
being investigated, but this work has shown the proof of concept. Not only that but
preliminary data has shown SHG has potential to detect aluminum sensitization. Much
more work will need to be done to prove this and to correlate the SHG response with
accepted methods of detection.
FUTURE RESEARCH
Nonresonant SFG Response
Many of our results raise more questions than they answer. It would be useful to
investigate other single crystal substrates and see if the unit crystal structure predicts the
nonresonant SFG response. Further data could also give ideas about the preferences for
different polarizations. Still the suppression and interpretation of the nonresonant signal
leaves avenues for research about the model behind SFG.
Applications of SHG
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Other work has shown SHG to be sensitive to deformation not only in metal, but
also in plastics. This indicates that composite materials such as fiberglass or carbon fiber
could possibly be investigated using SHG. This would be an entire different field in
materials research and one where the NDT sector has been less defined.
Staying in the same field of metal materials carbon steel or other common
industrial material could also be investigated. It would be useful to have an entire library
created of different metals and their responses to SHG when under mechanical or even
thermal stress.
Alternative Methods of Beta Phase Detection
Many opportunities exist for further research in developing a reliable and
nondestructive system for detecting and quantifying beta phase content in the field.
Further research could include characterizing the response to different concentrations of
beta phase using the aforementioned SHG laser system.
A proposed method of beta phase detection is to use x-ray powder diffraction
(XRD). XRD utilizes a beam of x-rays that will scatter according to the electron density
of a crystalline lattice. From this the crystal physical structure can be deduced. The
method has been reliably accurate to quantify the bond lengths from metals to complex
organic molecules that will form a crystal. Not only can XRD identify crystal structures,
it can quantify the relative concentration of different crystal structures by extrapolating
from the results of a scan that analyzes crystals up to a depth of a few microns depending
upon the material density.
Beta phase aluminum has a different crystal structure from the bulk aluminum and
this structure has even been cataloged in a database of observed crystal structures, the
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Crystallography Open Database (COD). This catalog allows for a straightforward
analysis to quantify beta phase content. The distinct crystal structures and electron
configuration are the foundation for most proposed detection methods.
Beta Phase Prevention
Another avenue of future research is to inhibit the formation of beta phase at the
grain boundary in the original annealing process. As mentioned previously, beta phase
has been observed to form nucleation sites upon other irregular crystals and particles
within the bulk sample. Corrosive effects of sensitization are inhibited when beta phase is
not connected along a continuous network of grain boundaries. Problems from SCC
would be avoided if a doping process created harmless ‘dummy’ nucleation sites to be
dispersed throughout the material without allowing for beta phase to form on grain
boundaries.
Other atoms, such as iron, have been noted to be common sites for nucleation for
beta phase aluminum in some alloys. Addition of nucleation sites within the bulk material
could effectively disrupt the interconnected lattice of beta phase that leads to corrosion.
This idea relies on these nucleation sites being preferential to sites along grain boundaries
and suggests that iron could act as a possible additive to maintain the corrosive resistant
qualities of 5XXX aluminum alloys.
Many avenues of research focus on finding a more efficient method to detect and
use the existing method to reverse the effects of aluminum sensitization. On the other
hand, research can be conducted with the goal to avoid the problem altogether. This does
leave a final opportunity for further research in developing a new method that would be
more easily applicable to universal application and prevention. Such a method could lack
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the negative effect of softening the metal that the current method of sensitization reversal
displays; therefore, this topic will continue to be an important part of materials research
as long as aluminum is a major component of construction.
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APPENDIX 1
TEMPORAL PROFILING DATA

The above image is the P polarization response at 30° (red-squared line) and
150° (blue dotted line).

The above image is the P polarization response at 90° (red-squared line) and
150° (blue dotted line).
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APPENDIX 2
PREPARATION AND EBSD COLLECTION PROCEDURE
Fiducial marks were made in the center of the gauge length using a vickers nano-indenter
to allow the same area to be scanned before and after tensile deformation. EBSD scans
were taken in an Apreo C Low-Vac SEM and collected using EDAX’s OIM Data
Collection 7.2 software. When collecting scans, the samples were tilted to 70° and an
accelerating voltage of 20kV, current of 3.2nA, and 2x2 binning were used at a working
distance of 20mm. Scan sizes were either 50x50um with a step size of 0.25um or
90x90um with a step size of 0.50um. The resulting scans were then analyzed using
EDAX’s OIM Analysis 8.0.
EBSD IMAGE DATA
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